To evaluate the effect of an antifibrotic treatment by a combination of pentoxifylline (PTX) and tocopherol (vitamin E) in patients with a thin endometrium who were enrolled in an oocyte donation programme. METHODS: Eighteen oocyte recipients who failed to develop a pre-ovulatory endometrial thickness of at least 6 mm after receiving vaginal micronized estradiol were enrolled in the study. The patients received a combination of PTX (800 mg/day) and vitamin E (1000 IU/day) for 6 months. The main outcome measurements were the change in endometrial thickness and the pregnancy and delivery rates after treatment. RESULTS: Endometrial thickness increased significantly (P <0.001), with a mean of (⍨SD) 4.9 ⍨0.6 mm before and 6.2 ⍨ 1.4 mm after treatment, with 72% (13/18) of patients being good responders. Five patients either did not respond to the treatment or responded only slightly. Three patients, of which two had received previous radiotherapy, became spontaneously pregnant, and two became pregnant after embryo transfer. Three patients did not have embryo transfer. A total of four babies were delivered. The pregnancy rate was thus 33% and the delivery rate 27%. CONCLUSION: Treatment by combination of PTX and vitamin E appears to improve the pregnancy rate in patients with a thin endometrium by increasing the endometrial thickness and improving ovarian function. This was especially noticeable in patients who had previously received total body irradiation.
Introduction
Ultrasound assessment of the endometrium has become a standard procedure during the diagnostic work-up and treatment of infertility. Nevertheless the clinical significance of differences in endometrial thickness remain controversial, and clinicians have not been able to establish an ideal thickness for conception. Some studies have reported low pregnancy rates in the presence of thin endometrium (Glissant et al., 1985; Gonen et al., 1989; Check et al., 1991; Sher et al., 1991; Dickey et al., 1992) , but others could not confirm this association (Rabinowitz et al., 1986; Coulam et al., 1994; Bohrer et al., 1996; De Geyter et al., 2000) . In all these studies, however, the mean endometrial thickness reported has ranged from 7-12 mm, and the concept that a minimum thickness is required to establish a clinical pregnancy is widely accepted. Those suggested vary from 5-8 mm, measured during the late proliferative to early luteal phases. We decided here to define a thin endometrium as a thickness Ͻ6 mm (Gonen et al., 1991) .
The incidence of preovulatory endometrial thickness Ͻ6 mm during assisted reproductive techniques (ART) is low.
It is sometimes an iatrogenic response to the aggression of some medical treatment, such as repeated surgery or radiotherapy, but in most cases the causative agent remains unknown. This thin endometrium, unresponsive to intensive estrogen therapy, is associated with a poor outcome in ART (Alam et al., 1993; Abdalla et al., 1994 , Weckstein et al., 1997 .
The literature on the treatment of thin endometrium is rather sparse. It has often been considered irreversible if unresponsive to high levels of estrogen. Vaginal administration of micronized estradiol, compared with oral treatment, significantly increases the serum estradiol level (279 Ϯ 76 versus 2344 Ϯ 398 pg/ml) and the endometrial estradiol concentration (13 Ϯ 2 versus 918 Ϯ 412 pg/mg protein) (Tourgeman et al., 1999) . Micronized estradiol, administered vaginally, has thus been described as the treatment of choice for women who have previously failed to achieve adequate endometrial thickness (Tourgeman et al., 2001) . Low-dose aspirin has been reported to enhance the pregnancy rate of such patients in an intrauterine insemination programme (Hsieh, 2000) and in an oocyte donation programme, although this remains controversial (Weckstein et al., 1997; Check et al., 1998) . None of these authors, however, has described any change in endometrial thickness with low-dose aspirin. It has been reported (Sher and Fisch, 2000) that vaginal sildenafil positively affected uterine artery blood flow and endometrial development in four patients. A combination of pentoxifylline (PTX) and tocopherol (vitamin E) has been reported to be an effective treatment for musculocutaneous radiation-induced fibrosis, both in an experimental model and in humans Lefaix et al., 1999) . According to one report, documented by hysteroscopy, this combined treatment led to complete endometrial healing after radiation-induced abrasion (LeturKornisch et al., 2002) . Another recent report describes a significant increase in endometrial thickness in six patients with radiation-induced thin endometrium (from 3-6 mm), after 12 months of this combined treatment (Delanian et al., 2000) . We therefore hypothesized that any thin uterine endometrium, even when the causative agent is unknown, can be treated as iatrogenically induced fibrosis.
Accordingly, we tested this treatment in 18 oocyte recipients whose endometrium remained thin in the late proliferative phase, despite vaginal treatment with micronized estradiol commencing on the first day of the observed cycle. All patients received the combination of PTX and vitamin E for 6 months. We then evaluated the effect on endometrial thickness and the pregnancy and delivery rates.
Materials and methods

Patients
Eighteen women, with a mean age of 35 Ϯ 5 years, participated in this trial. Their characteristics are summarized in Table I . All were recipients in our oocyte donation programme who had failed to develop a preovulatory endometrial thickness of ജ6 mm, despite vaginal administration of 2 mg of micronized estradiol commencing 1250 at the start of the observed cycle. This endometrial thickness had been observed at least twice during previous ultrasound evaluations of each patient before the pre-inclusion evaluation. We were tentatively able to identify probable causes for the thin endometrium in seven patients: previous radiotherapy (n ϭ 3), previous chemotherapy (n ϭ 1), previous curettages (n ϭ 3). No cause was known for 11 patients. Inclusion in the oocyte donation programme was due to: idiopathic premature ovarian failure (POF) (n ϭ 7), iatrogenic POF (n ϭ 4), failure(s) of previous IVF (n ϭ 6), and intrauterine insemination (n ϭ 1) related to poor ovarian reserve in a woman with mitochondrial disease. Fourteen of the 18 patients underwent an endometrial biopsy on day 26 of the cycle before beginning the treatment. For all 14, the endometrium was in phase according to Noyes's criteria (Noyes et al., 1950) . A lymphoplasmatic infiltrate was observed in the stroma of three patients. The biopsy did not provide a histological diagnosis for the deficient endometrial proliferation. All patients provided informed consent, and our Institutional Review Board approved this investigation.
Treatments
The modalities of the treatment were determined from the pharmacokinetic data, clinical use in the treatment of other diseases, and long-term tolerance. Twice a day, each patient took a combination of 400 mg PTX (Torental 400; Pharma 2000, Magny-les Hameaux, France) and 500 IU vitamin E (Toco 500; Hoescht-Houdé, Paris, France). This combination was continued for 6 months; we then proceeded to the cycle of embryo transfer. The treatment was discontinued at the time of the transfer. For the three cases of spontaneous pregnancy occurring during the treatment period, treatment was discontinued when the pregnancy was diagnosed.
Ultrasound assessment
To standardize the data for the endometrial evaluation before and after 6 months of treatment, all patients received micronized estradiol (Provames; Cassenne, Paris, France) (2 mg daily on days 1 to 14, vaginally) before the ultrasound evaluation scheduled on day 14 of the cycle.
All scans were performed by one operator, with a SIEMENS Elegra and a 6.5 MHz transvaginal probe. The uterus was examined systematically. Every time the probe was used, it was covered with coupling gel, inserted into a condom, and recoated with gel before insertion in the vagina. The uterus was viewed in the sagittal plane. Endometrial thickness was defined as the minimum distance between the echogenic interfaces of the myometrium and endometrium measured in the plane through the central longitudinal axis of the uterine body. We noted whether the endometrium was multilayered (hypoechoic inner layer and echogenic outer layer). The probe was then directed into the right vaginal fornix to identify the ascending branch of the uterine artery. A pulsed Doppler gate was placed over the vessel to record the flow velocity waveform. The probe was moved to the left fornix to identify the left uterine artery. Blood flow impedance was expressed as the mean pulsatility index of the right and left uterine arteries.
Statistical analysis
The results were expressed as mean values with their standard deviations. The paired t-test was used to assess the change in the endometrial thickness before and after the combined treatment and the Mann-Whitney U-test to assess the differences in endometrial thickness and other characteristics of patients who did and did not became pregnant. The statistical assessment used StatView software (Abacus Concepts, Inc., Berkeley, CA, USA). A P-value Ͻ 0.05 was considered significant.
Results
Short-and long-term tolerance were very satisfactory. No patients discontinued treatment, although two reported transient vertigo and dyspepsia. The combination of PTX and vitamin E resulted in a significant increase in endometrial thickness (P Ͻ 0.001). The mean increase was 1.3 Ϯ 1 mm after 6 months of combined treatment (4.9 Ϯ 0.6 mm before and 6.2 Ϯ 1.4 mm after). An increase in endometrial thickness in response to combined treatment was observed in 13 of 18 patients (72%) and little or no change in five patients (Table II) . We observed no significant difference in endometrial thickness between the patients who did and did not become pregnant before (5.3 and 1251 4.7 mm respectively) and after (7.3 and 5.7 mm) combined treatment. Similarly, in both groups, neither blood flow impedance nor endometrial pattern differed significantly before and after. Blood flow impedance was, however, normal before this combined treatment for 13 of the 18 patients.
Five patients became pregnant after combined PTX-vitamin E treatment. We observed three spontaneous pregnancies during month 7. Two of these women had been considered menopausal after total body irradiation before bone-marrow transplant, 7 and 10 years earlier; the third was in the oocyte donation programme after repeated implantation failure in conventional IVF with a poor ovarian reserve (FSH Ͼ15 mIU/ml). All three had normal pregnancies and gave birth to healthy babies. The other two patients became pregnant after embryo transfer. Frozen embryos were transferred because French policy does not allow fresh embryo transfers in oocyte donation programmes. The 12 week ultrasound revealed a fetal hygroma in one of these patients. Amniocentesis revealed no detectable karyotypic abnormalities, and the fetus died at 20 weeks gestation, with cardiac failure. The other patient had a normal pregnancy and delivered a healthy infant.
Three women did not undergo embryo transfer. One patient divorced before the procedure, and two others had embryos that failed to thaw successfully. Implantation failed in the ten remaining patients after embryo transfer. The pregnancy rate was thus 33% and the delivery rate 27%.
Discussion
We found in this study that combined PTX-vitamin E treatment significantly increased endometrial thickness, from 4.9 to 6.2 mm, with 72% good responders. Moreover, this effect seemed to be associated with a higher potential for pregnancy, with spontaneous pregnancies occurring.
Several pieces of biological information suggest some mechanisms by which this combination of PTX and vitamin E has proved useful in treating thin endometrium. It is well documented that aggression to living tissue (i.e. by ionizing radiation, surgery, or chronic infection) produces free radicals that play an important role in the initial damage and in the ensuing inflammatory response that precedes fibrosis, apparently a continuous, self-maintaining local process. Tumour necrosis factor (TNF) increases free-radical leakage from mitochondria and may start this vicious circle in cells that produce TNF (Schulze-Osthoff et al., 1992) . TNF-α has been detected in the ovaries (Roby et al., 1990) and is expressed by all types of endometrial cells (fibroblast, immunocompetent, glandular epithelial and vascular). This expression is cycledependent and occurs mainly in the endometrial gland (Hunt et al., 1992; Philippeaux and Piguet, 1993; Tabibzadeh et al., 1995; Von Wolff, 1999) . Increased TNF-α expression has been associated with implantation failure (Hazout, 1995) . The beginning of the implantation process can be compared to an inflammation-like reaction that is rapidly down-regulated. An excess of pro-inflammatory cytokine at this stage may have the same deleterious effects on embryo survival as it does on fetal survival in an established pregnancy. Such a phenomenon has been already observed in mice (Chaouat et al., 1995 (Chaouat et al., , 1997 .
PTX, a methylxanthine derivative, is a vasodilating agent that enhances red blood cell deformability, inhibits inflammatory reactions and reduces blood viscosity by inhibiting platelet aggregation. It has therefore been used for the symptomatic treatment of various vascular disorders, including intermittent claudication, ischemic leg ulcers, and peripheral vascular diseases. Most studies of its mechanism have focused on its effect on the production and function of TNF (Samlaska and Windfield, 1994) . PTX increases the phagocytic activity of polymorphonuclear leukocytes (PMN) and monocytes, antagonizes TNF-α production and activity and reduces in vitro production of many cytokines, including granulocyte-macrophage colony stimulating factor (GM-CSF) and gamma-interferon (IFN-γ). In reproduction, PTX has been reported to decrease the fetal resorption rate significantly in the CBA/ JϫDBA/2 murine model of spontaneous abortion (Chaouat, 1995) . The authors of that study hypothesised that PTX works by reducing local TNF-α production. The establishment of pregnancy has been described as a delicate equilibrium between the Th1 and Th2 cytokines (Wegmann and Guilbert, 1992) : the injection of inflammatory cytokines such as IFN-γ and TNF-α can terminate normal pregnancies during early gestation. Mating between CBA/JϫDBA/2 mice normally results in a high rate of spontaneous fetal resorption; this fetal loss can be prevented by preconceptional anti-BALB/c alloimmmunisation as well as by a variety of other manouvers, including injection of GM-CSF, IL10, anti-IFNγ and PTX (Chaouat et al., 1985 (Chaouat et al., , 1995 .
The physiological role of tocopherol (vitamin E) is to scavenge reactive oxygen species (ROS) at times of oxidative stress, when antioxidant enzymes such as superoxide dismutase (SOD) or catalase are unable to limit the damaging effects of ROS, and thus cannot protect cell membranes against lipid peroxidation. Found mainly in cell membranes, vitamin E is the most important antioxidant protecting membrane phospholipids against oxidative damage. In women, the antioxidant system, like the thioredoxin system, has been reported to change during the menstrual cycle in endometrial glands and stroma (Maruyama, 1997; Stark, 2001) : levels are highest in the early secretory phase, that is, during the implantation window. Vascular endothelial damage and oxidative stress appear to be causally related to the pathophysiology of pre-eclampsia, which begins initially as an insufficient trophoblast invasion (Kharb, 2000) . A randomized controlled trial among women at high risk of pre-eclampsia found that a combination of vitamins C and E was effective in reducing its incidence (Chappell et al., 1999 ).
The precise mechanism by which the PTX-vitamin E combination interacts with fibrotic tissue is not yet known. In the porcine model of radiation-induced musculocutaneous fibrosis, combined PTX-vitamin E treatment induces a significant decrease in TGF-β1 levels but paradoxically no change in TNF-α levels .
Five patients did not respond to the treatment. In two patients, the intensity of the uterine aggression (iterative and complicated curettages for one and radiotherapy of 70 gy for the other) may well have totally destroyed any possibility of endometrial regeneration. This might explain the lack of response. The cause of the failure to respond by the other three patients is unknown.
Three patients, two of whom had previously undergone total body irradiation (20 gy), spontaneously became pregnant, despite their documented low ovarian reserve (FSH of 17, 80 and 90 mIU/ml). This fact suggests that the treatment may influence ovarian function. We observed improvement of the endometrial thickness for these three patients and can assume that the general effect of the treatment might also affect ovarian fibrosis, especially in the two patients with previous radiotherapy. We can also suppose that some cases of ovarian failure follow-and are induced by-chronic, severe pelvic inflammation, which the treatment may reduce. The patient spontaneously pregnant after IVF failures had initially enrolled in IVF because of severe pelvic infectious disease. Specific studies are required to evaluate this interesting issue, especially since another study has already reported spontaneous pregnancies despite elevated FSH and advanced age (Check et al., 2000) .
Conclusion
Combined pentoxifylline and tocopherol treatment is, to the best of our knowledge, the only combination so far that seems to be effective for patients with thin endometrium unresponsive to estrogen. Larger prospective and randomized trials are needed to confirm our results. Research is required to elucidate the mechanisms by which this combined treatment affects the uterus and perhaps also the ovaries.
